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INVESTIGATION  OP  A  BIMETALLIC  WIRE  AS  A 
MIILTSEOCHD  OSIAY  ELEMENT 

by 

Jerry  W.  Pcrbea 


ABSTRACT:  A  fuse  wire  composed  of  palladium  and  aluminum  (pyrofuzs)  was 
investigated  as  a  possible  millisecond  delay  item.  The  single  strand  wire 
and  the  eight  strand  braid  were  both  initiated  by  a  constant  current  device. 

Delay  tines  of  less  than  30  milliseconds  were  obtained  from  single  strand 
bridged  fuse  wire,  while  delay  times  above  50  milliseconds  were  obtained 
from  eight  strand  fuse  wire  braid  of  one  and  two  inch  lengths.  Variations 
of  the  delay  times  were  less  than  lo£  when  the  initiating  currents  were 
maintained  at  two  amperes  above  the  threshold  currents.  Tbe  delay  times 
were  dependent  upon  the  input  power,  particularly  for  the  very  short  delay 
times. 
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I.  KTRODUCTIOH 

An  ordnance  Interest  In  intiatlon  delays  of  a  fev  milliseconds  has  led  to 
the  Investigation  of  a  fuse  wire  composed  of  palladium  and  aluminum,  called 
pyrofuze*.  A  reasonable  control  of  time  tolerances  for  tenperatures  to  500*P 
was  reported  for  delay  times  of  150  milliseconds  and  above  by  W.  R.  Peterson*/ ** 
of  Frankford  Arsenal. 

The  properties  of  pyrofuze  indicate  a  possible  use  in  many  igniter 
applications.  Its  Insensitivity  to  shock,  impact,  and  vibration,  and  its 
exothermic  reaction  suggests  a  possible  use  as  a  propellant  Igniter.  Safety 
features  are  apparent  from  the  low  resistance  of  pyrofuze  and  high  input 
energy  required  to  cause  pyrofuze  to  react. 

Pyrofuze  is  supplied  in  many  forms  such  as  foil,  wire,  granules,  and 
pellets.  The  metals  of  the  bimetallic  combination  of  palladium  and  aluminum 
are  in  intimate  contact  with  each  other;  the  core  being  aluminum  and  the  cuter 
.jacket  palladium.  When  heated  to  the  melting  point  of  aluminum  (6o0*C)  an 
exothermic  alloying  reaction  takes  place.  Calorimetric  measurements  show 
that  pyrofuze  liberates  327  calories  per  gram,  resulting  in  temperatures  of 
2200°  to  2800°C.  The  reaction  occurs  at  a  rapid  predictable  rate  without  the 
support  of  oxygen,  and  will  take  place  equally  well  in  air,  in  an  inert 
atmosphere,  or  in  a  vacuum. 

The  purpose  of  the  work  was  to  establish  whether  pyrofuze  wire  could  be 
used  as  a  millisecond  time  delay  element  with  close  time  tolerances.  Two 
obvious  factors  affecting  the  delay  times  are  (l)  burning  rate,  and  (2) 
ignition  time  (time  to  heat  wire  to  reaction  temperature) .  Hie  burning  rate 
and  ignition  time  are  influenced  by  dissipative  effects,  uniformity  of 
material,  and  surrounding  atmosphere  all  of  which  can  be  held  relatively 
constant  by  proper  design.  The  ignition  time  also  depends  upon  the  method 
used  to  heat  the  fuse  wire  to  its  ignition  tengperature .  In  the  experiments 
reported  here  the  wire  was  heated  to  ignition  by  a  constant  current. 

Our  interest  in  delay  times  of  only  a  few  milliseconds  led  us  to  carefully 
question  the  role  of  ignition  times  in  determining  total  delay  times. 

Obviously,  it  is  not  desirable  to  have  the  ignition  tir-e  play  an  important 
role  because  it  is  a  function  of  input  power.  A  single  analysis  of  circuit 
parameters  gives  an  equation  to  estimate  ignition  times, 

t  =  3  M  %  (1) 

I 

D  =  diameter  of  pyrofuze  wire  in  mils. 


♦Pyrofuze  Corp.,  an  affilitate  of  Sigmund  Cohn  Corp. ,  Mount  Vernon,  Hew  York 
is  the  manufacturer. 

♦♦References  are  on  page  26. 
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t  ■  tine  in  milliseconds 
I  -  current  in  aspares 

This  equations' s  derivation  is  given  in  Appendix  A  and  is  based  mainly  upon 
the  assumption  that  dissipative  effects  can  be  neglected.  She  equation 
indicates  that  for  constant  currents  of  1-7  amps  the  tines  to  ignite  the 
fuse  wire  nay  be  significant. 

The  existence  of  a  threshold  current  (i.e,,  a  minimum  current  necessary 
to  cause  the  fuse  wire  to  react)  is  evidence  that  dissipative  effects  are 
present.  The  assumption  that  dissipative  effects  can  be  ignored  is  good 
only  when  the  energy  input  is  large  in  comparison  to  the  dissipative  losses. 
Therefore,  an  analysis  was  made  to  determine  the  extent  of  the  dissipative 
effects.  This  is  given  in  Appendix  B. 

II.  EXPERIMOrEAL  ASSBfflLIEB 

The  pyrofuze  braided  wire  is  coded  by  writing  the  diamete*  of  a  single 
strand  first  and  then  the  number  of  strands  in  the  braid.  For  example, 

4M6SB  means  It-  nil  diameter  strands  in  an  8-strand  braid.  The  4-M8SB  is 
covered  by  a  Military  Specification  (MIL-B-60225)(MU). 

In  all  cases  the  vires  were  heated  to  threshold  temperature  by  a  constant 
current  device.  The  constant  current  device  was  basically  Just  a  double 
emitter-follower  that  maintained  a  constant  voltage  across  a  resistor  that 
was  in  series  with  the  pyrofuze  wire.  The  stability  is  primarily  limited  by 
thermal  drift  but  for  the  times  involved  here  the  thermal  drift  is  insignif leant . 
The  rise  time  of  the  constant  current  device  was  40  microseconds. 

Examination  of  Figure  1  shows  the  bridging  method  employed  for  both 
single  strand  wire  and  braid.  For  braided  wires  the  braid  was  unraveled 
approximately  0.15  inch  and  all  but  two  of  the  strands  were  trimmed  back 
to  the  braid.  The  two  longer  strands  were  then  soldered  to  a  conventional 
initiator  plug  having  a  0,05-inch  gap  between  the  pins'  nearest  edges.  By 
this  approach  it  was  not  necessary  to  supply  the  energy  to  heat  the  complete 
braid  to  the  ignition  point  since  the  bulk  of  the  heating  will  occur  in  the 
0.015  inch  lengths  free  of  the  braided  portion.  The  single  strand  wires  were 
bridged  by  stretching  the  wire  across  the  initiator  plug  gap  and  then  soldering 
the  wire  to  the  ends  of  the  brass  pins.  The  excess  wire  was  then  trimmed  away 
from  the  plug. 

To  measure  the  threshold  currents  of  I-  and  2-mil  diameter  single  strand 
bridgewires,  the  constant  current  device  with  a  range  of  0-6. 5  amps  was 
slowly  brought  up  to  the  current  which  started  the  exothermic  reaction. 

This  current  was  then  recorded  as  the  threshold  current. 

A  photodiode  circuit  (see  Figure  2)  with  a  rise-time  of  approximately 
100  microsec  was  vised  as  a  stop  signal  and  a  voltage  pulse  across  a  1-ohm 
resistor  was  used  as  a  starting  signal  to  measure  the  time  to  heat  the  wire 
to  ignition.  The  photodiode  was  placed  0,5  -  O.75  inches  away  from  the 
bridgewire.  When  the  bridgewire  reacted  an  immediate  release  of  light  caused 
the  photodiode  resistance  to  decrease  resulting  in  a  voltage  pulse  which 
stopped  the  counter.  The  times  recorded  by  the  Beckman  scaler  counter  was 
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Just  the  ignition  tine  with  tines  good  to  within  0.2  millisecond. 

Delay  times  of  pyrofuze  braid  were  measured  by  using  a  pulse  across  a 
1-ohm  resistor  (in  series  with  the  bridge  wire)  as  the  starting  signal  for 
the  counter  and  a  photodiode  pulse  circuit  as  the  stop  signal  (see  Figure  2). 
The  photodiode  was  placed  perpendicular  to  the  axis  of  the  braid.  The 
photodiode  was  then  secured  in  place  by  placing  it  into  the  cylindrical 
cavity  of  a  binding  screw  post  and  then  tightening  the  post  onto  the 
photodiode.  The  photodiode  was  recessed  in  the  cavity  by  approximately 
0.1  inch  sc  as  not  to  prematurely  stop  the  counter.  The  delay  tines  of 
insulated  braid  were  measured  by  the  same  technique  used  on  the  bare  braid. 
The  ends  of  the  woven  double  fiberglas  Insulation  at  the  end  was  kept  as 
long  as  possible  consistent  with  permitting  the  photodiode  to  view  a  bare 
portion  of  braid. 


III.  RESUIIPS 

The  threshold  currents  for  single  strand  bridgewire  of  50 -mil  length  are 
given  in  Table  1.  The  threshold  currents  of  1-mil  diameter  brldgevires  varied 
from  0.620  -  0.80  amps  for  resistances  of  0.320  and  0.260  ohms  respectively, 
the  threshold  current  for  2-mil  diameter  bridgewire  varied  from  2.250  -  2.725 
asps  for  resistances  of  0.099  and  0.078  ohms  respectively. 

The  threshold  ignition  currents  for  pyrofuze  braid  are  listed  in  Table  2 
with  a  current  range  of  0.90  -  1.30  amps  for  0.40  and  0.310  ohms  resistance 
respectively  for  2M8SB.  The  threshold  currents  for  3M8SB  ranged  from  1.35 
to  I.65  amps  for  0.235  and  0.2 2  ohms  resistance  respectively.  The  threshold 
currents  for  4mS^B  ranged  from  2.k0  to  2.80  amperes  for  0,l60  and  0.130  ohms 
resistance.  The  threshold  currents  for  5M8SB  ranged  from  3.20  to  3*50  asps 
for  0.125  and  0.105  ohms  resistance  respectively.  It  is  instructive  to 
point  out  that  the  product  of  the  threshold  current  tines  the  wirel  resistance 
appears  to  be  a  constant  for  both  bridgewire s  and  bridged  braid. 

The  ignition  times  for  1-,  2-,  and  3 -mil  diameter  single  strand  bridge- 
wires  are  plotted  as  time/(diaaeter)^  vs  ( current )”2  in  Figure  3*  Variations 
from  the  mean  time  for  input  currents  maintained  2  amperes  above  threshold 
were  smaller  than  10$  for  the  1-mil  diameter  single  strand  bridgewire,  8.5$ 
fcr  the  2-mil  diameter  single  strand  bridgewire,  and  1.1$  for  3-nil  diameter 
single  strand  bridgewire.  The  times  involved  are  1-30  milllsec  (See  Tables 
3,  4,  and  5);  therefore  the  variations  are  numerically  small. 

The  measured  ignition  times  for  the  braided  wires  are  given  in  Tab  leu  6, 

7,  and  8  respectively.  The  ignition  time  variations  (ignoring  resistance 
differences)  for  2M8SB  at  3-ampere»  input  current  was  2$,  3M8SB  at  4.4 
amperes  was  40$,  4M8SB  at  5*0  amperes  was  22$,  and  for  5M8SB  at  K  amperes 
was  20$.  The  ignition  times  for  2M8SB  and  3MS5B  and  kV&SB  and  5M88B 
pyrofuze  braid  of  approximately  0.15-lnch  length  are  plotted  a*  tine/ 
(diameter)^  vs  (current)"2  in  Figure  k.  The  variation  from  this  curve 
is  naturally  less  when  currents  well  above  threshold  are  maintained  for 
ignition. 
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Delay  tines  (ignition  tin  plus  burning  time)  were  recorded  for  lengths 
of  iqpproalflately  1  sod  2  inches.  The  linear  burning  rates  were  obtained  by 
subtracting  the  calculated  ignition  times  from  the  measured  delay  times  and 
dividing  into  the  length.  The  2M8SB  and  3M0SB  gave  average  burning  rates 
of  23*8  sad  18.6  Inches/second  respectively  with  variations  of  less  than  8$ 
when  initiated  by  5  asperes  of  constant  current.  Delay  times  and  burning 
rates  for  atf&B  and  3M8SB  are  given  in  Tables  9  and  10  respectively. 

Delay  times  for  1»1*38B  and  5M8SB  uninsulated  pyrofuze  braid  (See  Tables 
11  and  12)  of  2  inch  lengths  were  approximately  200  and  300  milliseconds 
respectively  for  input  currents  of  6.5  amperes.  The  linear  burning  rates 
of  4M8BB  and  5M86B  with  input  currents  of  6.5  asps  were  14.7  and  10.2 
inches  per  second  with  variations  of  5^  and  2ffja  respectively  if  the  sporadic 
times  are  ignored. 

The  delay  times  of  double  glass  insulated  2M8SB,  4M8SB  and  5M8SB  braid 
are  reported  in  Tables  13,  14,  and  15 .  A  burning  rate  of  15.1  inches  per 
second  was  found  for  2tf8SB  with  a  variation  of  5^  for  three  trials  when 
initiated  by  5  amps.  A  burning  rate  of  10.9  inches  per  second  was  found 
for  4M88B  with  a  variation  of  13%  for  13  trials  when  Ignited  by  6.5  amps. 

A  burning  rate  of  8, 9  inches  per  second  was  found  for  5^$SB  with  variations 
less  than  18%  for  13  trials  when  ignited  by  6.5  asps. 

A  convenient  guide  for  choosing  an  experimental  arrangement  which  will 
result  in  a  known  delay  time  is  provided  by  a  plot  (Fig.  5)  of  total  delay 
time  as  a  function  of  braid  length.  The  ignition  currents  for  the  vires 
ware  maintained  at  2  asps  above  threshold. 

IF.  DISCUSSION 

The  threshold  current  is  limited  by  the  amount  of  dissipative  effects 
present  and  should  display  a  nondependence  of  length  (as  observed  for  lengths 
greater  than  a  couple  of  inches),  since  the  energy  per  unit  mass  required  to 
heat  to  the  reaction  temperature  should  be  constant  if  end  effects  can  be 
neglected.  Ike  wires  tested  here  had  lengths  of  magnitude  0.20  inches  where 
dissipative  effects  and  end  effects  caused  the  threshold  current  to  be  a 
function  of  length  (See  Appendix  B). 

Newton's  law  of  cooling  allows  an  approximate  description  of  the 
dissipative  effects  for  the  temperature  range  that  is  of  interest  to 
this  report,  Newton 'z  law  of  cooling^/  simply  stated  says  that  the 
energy  lost  due  to  conduction,  convection,  and  radiation  is  all  roughly 
proportional  to  the  tenperature  difference.  Since  the  temperature 
difference  is  varying,  one  can  assume  an  average  temperature  which 
describes  the  amount  of  energy  lost.  The  energy  of  threshold  should 
represent  dissipative  effects  as  a  function  of  the  threshold  current. 

®th  -  4  *  *  ■  5  *  (2) 

where  R  is  the  ambient  wire  resistance  and  K  is  a  constant  and  t  is  time 
in  milliseconds. 
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Bie  observed  fact  that  the  product  of  the  threshold  current  times  the 
ambient  wire  resistance  is  a  constant  has  been  used  to  obtain  the  final 
expression  on  the  right  of  the  equals  sign  of  Equation  2.  The  constant  K 
in  Equation  2  for  bridged  braid  it 0.139  and  describes  the  threshold  currents 
within  T?°  of  measured  values.  The  value  of  K  for  single  strand  bridgewires 
was  determined  to  be:  K  =  0.044  which  gives  the  threshold  currents  within 
the  experimental  error.  The  values  of  the  constant  K's  were  found  by- 
applying  least  square  fits  of  the  measured  data  to  Equation  2. 


The  plot  of  ignition  tine  as  a  function  of  diameter  and  current 
(See  Figure  3-4)  show  that  Equation  1  does  not  adequately  describe  the 
time  to  igr/tj.ou  even  when  the  ignition  currents  are  well  above  the 
threshold.  An  expression  that  does  describe  ignition  times  within  30$ 
for  braid  was  derived  in  Appendix  B  which  gives 


3.46 


(3) 


where  D  is  diameter  of  the  wire  in  mils,  I  is  the  current  in  anperes,  K  a 
constant,  R  the  ambient  wire  resistance.  This  equation  is  highly  sensitive 
to  the  resistance  value.  Measurement  of  the  resistance  of  the  wire  is 
difficult  because  of  end  effects  and  contact  resistance  but  these  effects 
should  remain  relatively  constant  for  the  same  design.  Therefore,  these 
effects  should  be  taken  care  of  by  the  iterated  constant  K  of  Equation  3. 
The  value  of  constant  K  in  Equation  3  for  bridged  braid  is  0.113  found 
by  applying  a  least  snuare  fit  to  the  ignition  time  data  to  Equation  3. 
Threshold  currents  are  within  17$  of  Measured  values  if  this  value  of  K  is 
used  In  Equation  2  which  gives  support  to  Equation  3. 


The  total  delay  times  for  pyrofuze  braid  given  in  the  tables  are  times 
that  include  the  ignition  time  and  the  time  for  the  braid  to  'burn"  a  known 
distance.  Tte  delay  times  of  pyrofuze  braid  in  air  were  controllable  for 
time 8  above  30  millisec.  The  delay  times,  however,  were  dependent  upon 
input  current  and  reaction  rate  of  the  braid.  The  best  results  in  delay 
times  were  obtained  when  insulation  was  used  on  the  braid.  The  insulation 
perhaps  prevented  the  hot  particles  from  Jumping  ahead  and  starting  the 
braid  to  burn  or  prematurely  activating  the  photodiode  switch  which  could 
have  occurred  with  the  uninsulated  braid.  As  shown  by  comparing  Tables  11 
and  l4  the  delay  times  were  increased  by  approximately  20$  because  of  the 
heat  lost  to  the  insulation,  but  no  erratic  times  were  obtained  which 
occasionally  occurred  without  insulation.  The  significant  factor  observed 
from  the  delay  times  of  insulated  braid  is  that  the  variation  is  reduced 
significantly  while  the  rate  of  burning  decreases  notably  compared  to 
bare  braid. 


The  burning  rate 
one  and  two  inches. 


of  pyr  .>  i  ze  appeared  to  be  constant  for  lengths  of 
The  burning  rates  given  in  the  tables  were  obtained  by 
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subtracting  the  calculated  ignition  times  (Eq.  3)  fro*  the  totel  daisy  times 
mA  then  dividing  this  ties  into  the  braid  length.  Equation  3  allowed  the 
ignition  tines  to  be  separated  fro*  the  delay  tines  with  fair  accuracy.  The 
accuracy  of  Equation  3  i*  Tim  tad  by  the  accuracy  of  the  resistance  neasure- 
nsut  • 


This  separation  of  tines  allows  the  burning  rate  to  be  studied  independent 
of  the  ignition  system.  The  burning  rate  is  reproducible  and  constant  for 
proper  design.  The  average  burning  rate  of  fcMSSB  in  air  reported  here  agrees 
well  within  experimental  error  with  Peterson’s^/  reaction  rate  on  6-inch  long 
braid  of  lfc.8  Inches  per  second. 

The  variations  of  ignition  tines  for  single  strand  bridgewlres  at  a 
particular  constant  current  are  acceptable.  A  very  short  time  delay  seees 
feasible  if  an  accurate  constant  current  device  is  used  to  heat  the  wire  to 
ignition  and  the  resistance  of  the  wire  la  held  to  a  close  tolerance.  It 
is  Implicit  also  that  if  ignition  is  made  to  occur  by  an  adiabatic  pulse 
such  as  from  a  condenser  having  a  discharge  time  constant  very  snail  compared 
to  the  thermal  time  constant  of  the  pyrofuxe  system  uniform  short  delays 
will  result 


T.  CCWCUJSIOBS 

1.  Single  strand  bridgewlre  can  ha  used  for  1-30  millisecond  delays  with 
acceptable  variations.  The  specific  delay  time  is  determined  by  the  input 
pose*  and  mass  of  the  wi~e. 

2.  Pyrofuze  braid  can  be  used  for  50-300  millisecond  delays  with  acceptable 
variations  when  ignited  by  constant  current.  The  specific  times  are 
determined  mainly  by  the  maaa  of  the  braid  when  input  currents  axe  2  amps 
above  threshold. 

3.  Kevton's  1 sew  of  cooling  is  adequate  to  describe  dissipative  effects  for 
the  systems  used  in  this  report. 

k.  The  burning  rate  of  pyrofuze  braid  is  notably  dependent  upon  the 
surrounding  material. 

5.  Dissipative  effects  do  not  play  an  appreciable  role  in  delay  times  of 
ignition  of  wires  when  the  input  current  is  well  above  the  threshold  for 
ignition. 

6.  Pyrofuze  braid  shows  promise  as  a  delay  element.  However,  for  short 
delay  times  an  initiating  syet  jm  using  a  microsecond  time  pulse  with 
sufficient  energy  la  desirable  to  reduce  the  time  required  to  beat  the  wire 
to  its  reaction  temperature. 
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TABLE  1  THRESHOLD  CURRENT  FOR  FYROFUZE  BRIDCEWIRE 
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TABU  2  THBB8B0ID  CBRRBR  FOR  BRIDGED 
PTBCTUa  BRAID 


Threshold 

Carrot 

2N86B 

3N8SB 

*M8SB 

5MBSB 

R  (daw) 

0.310 

0.220 

0.130 

0.105 

I  (A**) 

1.30 

1.65 

2.80 

3.50 

IR  (Volts) 

0.*03 

0.363 

0.36* 

0.368 

R  (daw) 

0.380 

0.235 

0.130 

0.110 

I  (Asps) 

0.95 

1.35 

2.80 

3.5 

IR  (Volts) 

0.361 

0.317 

O.36* 

0.385 

R  (daw) 

o.*oo 

0.2*0 

0.135 

0.115 

I  (Aipe) 

0.90 

l.*5 

2.70 

3.25 

IR  (Volts) 

0.360 

0.3*8 

0.365 

0.37* 

R  (daw) 

o.**o 

0.250 

0.160 

0.125 

I  (A^s) 

0.85 

l.*5 

2.*0 

3.20 

IR  (Volts) 

0.37* 

0.363 

0.38* 

0.*00 

R  (daw) 

- 

. 

O.I65 

m 

I  (Asp*) 

• 

•m 

2.*0 

m 

IR  (Volts) 

- 

- 

0.396 

. 
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TABLE  3  TIME  NECESSARY  TO  HEAT  1-MIL  DIAMETER  SINGI£ 
STRAND  FXRQFUZE  3RID02WIRE*  TO  IGNITION** 


Resistance 

Current 

Time 

Mean  Time 

(Ohms) 

(Amperes) 

(Milliseconds) 

(Milliseconds) 

.282 

1.0 

9.64 

.285 

1.0 

6.80 

6.65 

.285 

1.0 

5.30 

.290 

1.0 

4.90 

.286 

2.0 

1.50 

.288 

2.0 

1.52 

1.21 

.300 

2  e  0 

1.32 

.325 

2.0 

0.20 

.266 

3.0 

O.69 

.275 

3.0 

O.69 

CVl 

• 

3-0 

0.71 

.287 

3.0 

0.81 

0.72 

.289 

3.0 

O.69 

.300 

3.0 

0.72 

.288 

4.0 

0.55 

.290 

4.0 

0.51 

.290 

4,0 

0.57 

0.55 

.293 

4.o 

0.51 

.296 

4.0 

0.60 

*Wlre  length  of  0.13  centimeters. 

^TThib  wire  has  a  threshold  current  of  approximately  0.8  amperes. 
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TABLE  4  TIME  TO  HEAT  24CEL  DIAMETER  SINGIE  STRAND 
PIBOPUZE  BRIDGEVIRB*  TO  IGHITICN«* 


Resistance 

Current 

Time 

Mean  Time 

(Ohms) 

(Amperes) 

(Milliseconds) 

(Milliseconds) 

.07 6 

2.6 

33.4 

.081 

2.6 

185.2 

90.T 

.089 

2.6 

18.4 

.089 

2.6 

126.0 

.072 

3.3 

9.6 

.079 

3.3 

8.3 

.081 

3.3 

8.5 

.082 

3.3 

8.3 

8.7 

.084 

3.3 

8.9 

.084 

3.3 

10.0 

.085 

3.3 

8.0 

.088 

3.3 

8.2 

.074 

4.0 

6.2 

.077 

4.0 

5.2 

.079 

4.0 

5.2 

.079 

4.0 

5.7 

5,5 

.080 

4.0 

5.9 

.083 

4.0 

5.4 

.084 

4.0 

5.1 

.090 

4.0 

4.8 

.075 

4.4 

4.6 

.0861 

4.4 

4.0 

4i2 

.086 

4.4 

4.1 

.102 

4.4 

4.2 

*Vire  Length  of  0.13  Centimeters. 

♦•This  vire  has  a  threshold  current  of  approximately  2.5  amperes. 
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TABUS  5  TIME  TO  HEAT  3-MIL  DIAMETER  SIN3LE  STRAND 
BRUKEVTERE*  TO  IOTITION** 


Resistance 

Current 

Time 

Mean  Time 

(Ohms) 

(Amperes) 

(Milliseconds) 

(Milliseconds) 

.042 

4.95 

206.2 

- 

.043 

4.95 

- 

.044 

4.95 

- 

.042 

5.6 

29-5 

.042 

5.6 

173.6 

.043 

5.6 

55.4 

75.5 

.043 

5.6 

58.9 

.045 

5-6 

4l.8 

.048 

5.6 

93.8 

.042 

6.1 

25.0 

.043 

6.1 

45.2 

.047 

6.1 

21.4 

28.0 

.049 

6.1 

25.2 

.054 

6.1 

23.3 

.039 

6.5 

20.2 

.039 

6.5 

20.5 

.043 

6.5 

22.9 

21.8 

.044 

6.5 

20*4 

.044 

6.5 

25.1 

♦Wire  Length  of  0.13  Centimeters. 

♦•This  wire  has  a  threshold  current  of  approximately  4.7  amperes. 
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TABLE  6  TIKE  TO  HEAT  BRIDGED  2K8SB  TO  IGNITION* 


Resistance 

Current 

Calculated  Time 

Measured  Time 

Mean  Time 

(OtaB) 

(Amperes) 

(Milliseconds) 

(Milliseconds) 

(Milliseconds) 

.4j 

1.0 

1,083.0 

.33 

1.5 

45.6 

49.1 

.34 

1.5 

43.5 

47.6 

.46 

1.5 

32.2 

35.5 

41.3 

.48 

1.5 

31.4 

36.7 

.54 

1.5 

29.7 

37.4 

.42 

2.0 

16.5 

81.0+ 

.46 

2.0 

16.0 

19.8 

.49 

2.0 

15.7 

18.1 

19.2 

.51 

2.0 

15.5 

20.3 

.53 

2.0 

15.4 

11.1+ 

.64 

2.0 

14.9 

18.6 

.38 

3.0 

*.7 

9-2 

.46 

3.0 

6.5 

9.4 

.48 

.56 

3.0 

3.0 

6.5 

6.4 

9.3 

9. 4 

9.4 

.59 

3.0 

6.4 

9.5 

.63 

3.0 

6.4 

9.5 

Obvious  sporadic  times  are  not  averaged. 

•This  wire  has  a  threshold  current  of  approximately  1.0  anqperes. 
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TABLE  7  TIME  TO  HEAT  BRIDGED  3M8S3*AND  5M8SB** 
TO  IGNITION 


Braid 

Resistance 

Current 

Calculated  Time 

Measured  Time 

Mean  Time 

Size 

(Ohms) 

(Amperes) 

(Milliseconds) 

(Milliseconds) 

(Milliseconds) 

3M8SB 

.228 

3.4 

29.8 

32.5 

.242 

3.4 

29.1 

37.7 

55.0 

.330 

3.4 

26.6 

34.9 

.125 

4.4 

23.1 

29.4 

.145 

4.4 

20.0 

23.7 

.165 

4.4 

18.4 

25.0 

.169 

4.4 

18.2 

19.4 

.180 

4.4 

17.7 

19.6 

21.0 

.216 

4.4 

16.5 

17.8 

.220 

4.4 

16.5 

19.8 

.223 

4.4 

16.4 

17.9 

.285 

4.4 

15.6 

16.7 

5M8SB 

.116 

4.0 

284.0 

279.6 

.125 

4.0 

246.3 

243.7 

.128 

4.o 

239.3 

237.7 

233.0 

.151 

4.0 

195.9 

200.0 

.154 

4.0 

192.3 

205.0 

3M8SB  braid  has  a  threshold  current  of  approximately  1.5  amperes. 
**The  5M8SB  braid  has  a  threshold  current  of  approximately  3.25  amperes. 
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TABLE  ft  TBK  TO  H3AT  4M8SB  TO  IOIITIOK* 


Resistance 

Current 

Calculated  Tine 

Measured  Time 

Mean  'fine 

(Ohms) 

(Amperes) 

(Milliseconds) 

(Milliseconds) 

(Milliseconds) 

.139 

3.5 

138.2 

139.4 

.160 

3.5 

112.9 

117.4 

.164 

3.5 

110.0 

116.4 

U3.8 

.166 

3.5 

108.6 

103.7 

.186 

3.5 

98-.  5 

92.2 

.135 

4.0 

90.3 

84.8 

.143 

4.0 

8-4.5 

82.7 

82.5 

.150 

4.0 

80.6 

79.9 

.112 

4.3 

93.3 

92.0 

.120 

4.3 

78.6 

73.6 

.121 

4.3 

82.1 

80.9 

75.9 

.133 

4.3 

73.1 

69.7 

.158 

4.3 

63.4 

63.5 

.098 

5.0 

66.8 

62.2 

.113 

5.0 

54.8 

75.2 

6l.6 

.114 

5.0 

5M  • 

58.8 

.116 

5.0 

53.3 

50.2 

«This  vire  has  a  threshold  current  of  approximately  2.5  amperes. 


TABLE  9  DELAY  TIMES  OF  2M8SB  FYROFUZE  BRAID* 
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*This  wire  has  a  threshold  of  approxlaately  1.0  amperes 
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+0bvious  sporadic  tiroes  are  not  averaged. 

*This  wire  has  a  threshold  current  of  approxinately  1.5  aaperes 


TABLE  11  DELAY  TIMES  OP  ^McSB  FYPOPUZE 


NOLTO  66-91 


rerage  Linear 
Burning 

Rate 

(in/sec) 

1  1 

On 

* 

-a- 

• 

3 

O 

• 

m 

rH 

l- 

• 

3 

* 

Linear 

Burning 

Rate 

(in/sec) 

t  1 

CO  t —  00 
•  •  .  « 

CO  O  CO  H 

H  iH  H  f-l 

t—  rH  IA  On  t— 

•  •  •  •  • 
LA4  LA  IA  O 
r-l  H  H  r-l  H 

oj  oj  t-vo  4 
•  •  •  •  • 

4  iaia  AO 

rl  rl  rl  r-l 

LA  H  00  OJ 

•  •  •  • 

VO  4  4  IA 
OJHHH 

ilculated 
it  ion 

Time 

nillieec) 

00  co 

p\£ 

CM -St 
•> 
rl 

-st  O  0  4 

•  •  •  • 

nice  no 0 

O  hnOrj 

H  rl  H 

OO  O  O  VO  CO 

•  •  •  •  • 

4  co  VO  H4 

3-  -a-  4  la4 

HCD4  COS 

•  •  •  •  • 

t— O  LA  *4  LA 

-4"  -4  LA  3-  4- 

t-  ON  CO  t— 

•  •  •  • 

covp  CO  LA 

OJ  0J  OJ  OJ 

OH  — ’ 

Delay 

Time 

nillisec) 

H  t- 
•  • 

On  CO 

O  on 
la  t- 

OJ  OJ 

VO  ON  OJ  CO 

H  H  CU  OJ 

LA  ON  H  rH  ON 

•  •  •  •  • 

tnot-WUN 

IAH4  0JH 
•  •  •  •  • 

VO  H  O  CO  ON 

P  ONp  covp 

OJ  H  0J  OJ  OJ 

OJ  OJ  OJ  CO 
•  •  •  • 

O  HOC 

O  OvcO  F- 

r-l  1— 1  (H  rH 

•P 

4)  (0 

u  g, 

0  0 

•  • 

CO  CO 

OOOO 

•  •  •  • 

00000 
•  •  •  •  • 

LA  LA  IA  IA  IA 

OOOOO 
•  •  •  •  • 

umtn  iai/mt\ 

LA  IA  IA  LA 

•  •  •  • 

vo  vo  VO  vo 

c>  s— <■' 

Resistance 

(ohms) 

0  VO 

33 

•  • 

4  vo  0  ov 

OJ  IA  H  rl 

H  H  H  H 
•  •  •  • 

O  Q  O  p  O 

LA  NO  -a-  CM  IA 
r-l  H  r-1  »-i  f— 1 

LAVD  OJ  O  OJ 
COCO  rH  LA 4 
rl  rl  r)  rl  ri 

OJ  O  CO  0 

LA  H  VO  OJ 
rH  r—i  rH  rH 

•  9  •  • 

M  Vt  • 

flOdC 

•  • 

H  H 

co  co  00  oo 

OJ  OJ  OJ  OJ 

•  •  •  • 

H  H  H  H 

4  -a  vo  co  0 

O)  OJ  OJ  OJ  co 

•  •  •  •  • 

H  r-l  r-l  H  H 

VO  CO  C0  O  OJ 

OJ  OJ  OJ  CO  CO 

OJ  OJ  OJ  OJ  oj 

4  OJ  OJ  OJ 

OJ  CO  CO  CO 

•  •  •  • 

OJ  OJ  OJ  OJ 

17 


TABLE  12  DELAY  TIMES  OP  5M8SB  FYROFUZE  BRAID 


NOLTR  66-91 


18 


+Obvious  sporadic  time  not  overaged. 

«ThiB  wire  has  a  threshold  current  of  approximately  3*25  amperes. 
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#This  wire  has  a  threshold  current  of  approximately  2.5  amperes. 


I 

I 

I 

I 


21 


NOLTR  66-91 


PYROFUZE  WIRE 


SINGLE  STAND  BRIDGE  WIRE 


ENDS  OF  2  STRANDS  OF  THE 
BRAID  ATTACHED  TO  TERMINALS 


BRAID 


FIG.  1  BRIDGING  METHODS  FOR  SINGLE  STRANDS  AND  8-STRAND  BRAID 
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PHOTODIODE  CIRCUIT 


PHOTODIODE 


BINDING  POST  BINDING  POST 


TIMING  CIRCUIT  FOR  BRAID  DELAY  TIME 


FIG.  2  TIMING  CIRCUITS 
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SOLID  LINE  DRAWN  THROUGH  DATA 
BROKEN  LINE  FROM  EQUATION  1 
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FIG .  4  IGNITION  TIMES  OF  PYROFUZE  BRAID  AS  A  FUNCTION  OF  DIAMETER  AND  CURRENT 


TOTAL  DELAY  TIME  (MILLISECONDS) 
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APPENDIX  A 

The  derivation  of  Equation  (l)  depends  upon  single  classical  theory  of 
heat  conduction  and  heating  effect  of  a  current  in  a  vire3.  Hie  heating 
effect  of  an  electric  current  is  given  by 

W  «  I  V  t  -  I2Rt 

W  «  Total  input  energy  in  joules 

I  »  Current  in  amps 

(A-l) 

V  »  Potential  in  volts 
R  *  Resistance  in  ohms 
t  *  time  in  seconds 

By  making  the  assumptions  that  dissipative  end  effects  and  temperature 
gradients  across  the  cross  section  can  be  neglected,  determination  of  the 
heat  necessary  to  raise  the  wires  temperature  to  660°C  and  melt  the  metal 
becomes  possible.  Hie  equation  is  given  by: 

Qjgglt  =  +  Qg  +  Q3  =  Cx  Mx  AT  +  C2  Mg  AT  +  ^  Mx  (A-2) 

Q,  =  quantity  of  heat  in  joules  necessary  to  raise  aluminum 
to  66o°c 


Qo  «  quantity  of  heat  in  joules  necessary  to  raise  palladium  to 
660°C 

=  quantity  of  heat  necessary  to  melt  aluminum 
M  =  mass  of  metal  (M^  -  aluminum,  Mg  -  palladium) 

C  =  specific  heat  (C^  -  aluminum,  Cg  -  palladium) 
l  «  latent  heat  of  fusion  of  aluminum 

AT  »  change  in  terq>erature  (T-20)  necessary  to  melt  aluminum 

The  conservation  of  energy  allows  the  equating  of  Equations  A-l  and  A-2 
which  results  in  an  expression  relating  time  to  heat  and  melt  the  wire  to 
the  wire  properties. 

I2  R(T)  t  «  C1M1  AT+CgMg  AT  +  (A-3) 


To  obtain  a  useful  equation  in  terms  of  known  quantities  requires 
determination  of  the  time  averaged  resistance  and  the  masses  of  aluminum 


A-l 
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and  palladium.  The  mass  of  the  aluminum  core 

M  ,  P&1"  ^1L  ,  2.7^(0.556)  (2.5^)3 

*■  k  k 

*  19.3  T?  L 

0  ,  *  density  of  aluminum 
al 

Dal  =  diameter  jf  aluminum  core  =  0.556  since  manufacturer 

quotes  a  ratio  of  1.25  of  aluminum  area  to  palladium  area) . 

=  Total  diameter  of  pyrofuze  wire  in  Inches 

L  *  Length  of  wire  in  inches 

a  similar  treatment  gives  the  mass  of  the  palladium  as 

Mg  -  mas 8  palladium  -  68.5  2^  L  .  (A-5) 

The  time  tc  heat  the  wire  up  to  the  aluminum's  melting  temperature  and  the 
time  necessary  to  melt  the  aluminum  should  he  calculated  separately  because 
of  the  known  temperature  dependence  of  resistance.  Equation  A-3  can  be 
split  into  two  parts  to  calculate  these  two  separate  times. 


i2  RgQ  (i  +  ff 

4  T)  tH  =  CL  Mx  AT  +  C2  Mp  AT 

(a-6) 

l2R660tm  =  l2 

RgQ  (1  +  0  64-0)  ta  = 

(A-7) 

t  =  tH  +  tm 

tg  ■  tin®  to  heat  wire  to  66 0°C 
tm  -  time  to  melt  wire  at  66o°C 
t  »  total  ignition  time 


R2 q  -  resistance  of  wire  at  20° C 

a  »  temperature  coefficient  of  resistivity  of  wire  at  20°C 
(a  =  .0039) 

The  time  averaged  resistance  can  be  obtained  from  A-6  hy  solving  for 
t^  at  660°C  dividing  by  two  and  then  finding  the  corresponding  temperature „ 

*The~  same  temperature  coefficient  of  resistivity  assumed  for  the  Al  and  Pd. 

A-2 


is  by  definition 

4  L2  (a-*) 


NOLTR  66-?3 


KAT 

1+aAT 


K(64o) 

l+640(.0039) 


=  K  (1*2.9) 


(162.9) 


K  (91.45) 


K  (162-20)  ,  ,  . 

.  .  <»t  .  162  C  since  .  ~--.so—oo--)  .  K  (91.45) 


(A-0 


Equation  A-6  can  be  represented  by 


I2  R2C  (l-Kri.42)  tR  =  I2R20(1.56)  tfl  =  AT  +  AT 


(A-9) 


The  ambient  wire  resistance  can  be  expressed  as  a  function  of  wire  length 
and  diameter  squared  resulting  in  the  following  expression. 


*20 


L(l0.3xl0  ^  ohm-cm) 
(ttA) 


L(  10. 3xlO“6  ohn.cm) 

(tt  A)  (6.45xlO-^cm2/*U2)D2«ii2 


(A-10) 


The  final  expression  for  time  to  heat  the  wire  to  ignition  becomes 
a  very  simple  expression  in  terms  of  the  diameter  of  the  pyrofuze  wire 
and  constant  current  passing  through  the  wire. 


t  c  *H  +  t  «  3.03x10 


-3  D 

? 


+  4.3  xlO 


Ji 


D 

? 


=  3.46  xlO’3 


(A-ll) 


t  =  total  time  to  heat  wire  to  ignition  in  seconds. 

D  rs  diameter  of  pyrofuze  wire  in  mils  for  convenience. 
I  =  constant  current  in  amperes. 
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APPHPIX  B 

Mevton't  lav  of  cooling  simply  stated  says  that  the  energy  lost  due  to 
conduction,  eon  action  1  and  radiation  is  all  roughly  proportional  to  the 
temperature  difference.  An  exact  calculation  of  dissipative  effects  is 
very  difficult  and  beyond  the  intent  of  the  author.  By  use  of  Hevton's 
lav  of  cooling,  the  available  data,  and  a  parallel  treatment  of  a  heating 
vire  as  done  in  Appendix  A  an  equation  can  be  obtained  to  describe  the 
ignition  tines  within  30]l  error. 

The  conservation  of  energy  allows  the  expression 

I2  Rt  -  K*  (mss)  +  Ct  (B-l) 


where  Ct  is  due  to  dissipative  effects  and  fro*  Equation  2, 


C  - 


h 


K.(ness)  Ki  LD2 
I2R-X3 

R  IT 


(B-2) 


The  constant  Kg  can  be  calculated  and  for  pyrofuze  it  has  a  value  of 
3.^6  nllllsecanda-eu^/mll  .  A  least  square  fit  of  the  data  to  Equation 
B-2  allows  evaluation  of  K,.  The  threshold  current  can  he  found  from  B-l 
by  solving  for  I2.  J 


0.  K.(aass)  +  Cfc^ 

■‘threshold  “  “ - - 

Xu 


(B-3) 


K*(maas)  C  C  S 
“  Rt^  +  R  *  R  R2 

vhere  is  the  threshold  current,  t^  time  It  takes  to  heat  to  ignition 
with  dissipative  effects  (l.e.  Hh/*  and  R  the  ambient  resistance. 
Equation  B-3  should  approximately  describe  the  dissipative  effects  for 
various  ranges  of  lengths  and  diameters  of  wire.  The  problem  essentially 
is  one  of  finding  C  as  a  function  of  wire  parameters. 
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